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APPENDIX 1 – Drought Stress Induction 
 
The method adopted for the induction of drought stress requires some care because plant 
responses will be different depending on the rate and severity of the water deficit they are 
submitted to (Chaves 1991). It was decided to promote conditions as similar as possible to those 
that the three C4 grasses of interest are likely to face in nature. Plants were grown in soil under 
semi-controlled conditions and drought conditions were imposed by ceasing to provide water. 
Many physiological and biochemical parameters were measured on the leaves of control and 
non-watered plants of the three species simultaneously, for several consecutive days during the 
drought treatment. The effects of decreased water availability on these parameters were mostly 
assessed through the analysis of their variation with leaf dehydration, expressed as the leaf 
relative water content (RWC). 
 
Plant growth and drought stress induction 
The C4 grasses Paspalum dilatatum Poir. cv. Raki (NADP-ME), Cynodon dactylon (L.) Pers var. 
Shangri-Lá (NAD-ME) and Zoysia japonica Steudel ‘Jacklin Sunrise Brand’ (produced by 
Jacklin Seed Company, USA) (PEPCK) were grown in pots with soil in a greenhouse under 
semi-controlled conditions during the year of 2006. Artificial light was provided whenever the 
natural light was below a PPFD of 500 μmol m-2 s-1 during the 16 h of the photoperiod. 
Temperatures were maintained, as far as possible, at 25ºC during the day period and at 18ºC 
during the night. 
 Several preliminary experiments were undertaken in order to optimize the growth 
conditions and the drought induction system. Initially, the plants of the three species were grown 
under the greenhouse conditions using the Rothamsted standard compost mix (prepared to 
Rothamsted Research’s specification by Petersfield Products, Leicester, UK). The plant 
development was similar to that of plants grown in a controlled environment chamber using 
hydroponic cultures with an optimized nutrient solution at Faculdade de Ciências da 
Universidade de Lisboa in Portugal (Carmo-Silva 2003). After some initial difficulties in 
obtaining drought-stressed plants at Rothamsted, the effects of withholding water on the three C4 
grasses using a peat-free soil (peat-free supreme compost, also prepared to Rothamsted 
Research’s specification by Petersfield Products, Leicester, UK) instead of the standard compost 
were compared. The peat-free soil was preferred due to lower water retention than the standard 
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soil. The peat-free supreme compost was supplemented with a slow release fertiliser (Hydro Agri 
Ltd, Lincs, UK) to provide similar nutrient concentrations to the standard compost mix. Different 
pot sizes and numbers of plants per pot were also compared and it was decided to grow five 
plants per pot using round pots, 13 cm high and 15 cm diameter, with approximately 1 L of soil 
capacity. The growth period of the three species was also studied and the dates of sowing 
adjusted in order to have plants at an adequate growth stage for taking measurements or 
sampling the three grasses at the same time and allow the comparison of their responses to 
drought stress. 
 Seeds of each species were first washed with 10% hypochlorite and then soaked in water 
for 1 hour. Trays (20 x 15 x 5 cm) were filled with soil up to 1 cm from the top and well-watered. 
The imbibed seeds were spread over the surface of the soil in the trays and covered with a very 
thin layer of soil. The trays were covered with a clear plastic cover (to maintain humidity) and 
placed in the greenhouse (Figure 1.1). Water was supplied whenever needed for around 2 weeks 
for P. dilatatum and C. dactylon and around 4 to 5 weeks for the slow-growing Z. japonica. 
 The seedlings were transplanted to 1-L cylindrical pots containing equal amounts of soil. 
Generally, P. dilatatum seedlings had 2 leaves and were about 8 cm high, whereas C. dactylon 
and Z. japonica seedlings had 3 leaves and were about 6 cm high at this stage. The number of 
pots needed for each drought experiment (plus a few pots extra) was prepared on the day prior to 
transplanting each species by adding the soil mixture and weighing all the pots in order to have 
675 ± 1 g in each pot. All the pots were very well-watered and left to drain overnight. On the 
following day, similar seedlings were chosen from the trays and transferred to all pots, using five 
seedlings per pot (Figure 1.1). 
 All the pots of each species were kept well-watered until the beginning of each drought 
stress treatment. On the last watering day, the pots of the three species were placed according to 
a split-plot design (Appendix 2), where each column of pots was a main plot of a particular 
species and the sampling-days and the treatments (control vs. drought stress) were randomised in 
the split-plots (Figure 1.2). All the pots in the experiment were labelled (green labels for control 
and red for non-watered) and numbered from 1 to n, being n the total number of pots. Each pot 
was designated as one experimental unit, i.e. each pot corresponded to an independent sample. 
All pots were well-watered in the evening and weighed on the following morning in order to 
make sure all of them had the same water conditions (800 ± 50 g). Water deficit was then 
imposed on the ‘stress’ pots by ceasing to provide water. The control pots were watered once per 
day (generally in the evening). 
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Figure 1.1. Plants of P. dilatatum, C. dactylon and Z. japonica growing in the glasshouse. Plants were 
grown from seeds in trays (A-B), which were initially kept closed to maintain humidity. The seedlings of 
each species were then transferred to cylindrical pots (C-E), using five plants per pot, and these were kept 
well-watered until the beginning of the drought period. Figure F gives a general view of the glasshouse 
with some pots ready for the induction of the drought stress treatment (middle bench) and others ready for 
transplanting new seedling for a subsequent experiment (side bench). 
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Figure 1.2. Plants of P. dilatatum, C. dactylon and Z. japonica under well-watered and drought stress 
conditions (Experiment III.D, July 2006). The species are in the main plots (columns) and the ‘control’ 
and ‘stress’ pots are randomised in the split-plots (experimental design in appendix 2). The pots are 
numbered from 1 to 120 and labelled with green or red labels, for the control and non-watered condition, 
respectively. The drought-stress induction was separated by one day, ceasing to provide water to C. 
dactylon first (day 0), Z. japonica next (day 1) and P. dilatatum last (day 2). The three species were 
analysed simultaneously, for four consecutive days during the drought period (days 8 to 11). 
 
 
 Control and non-watered plants of the three species were either assayed or harvested for 
several consecutive days during the drought period (Figure 1.2) in order to obtain leaf samples 
with different levels of dehydration. The analyses started when the water available in the soil 
from the non-watered pots had been suitably decreased and ended after a maximum of nine to 
twelve days without watering. A representative number of control and non-watered pots of each 
species (i.e. those to be used in the last day of the experiment) were weighed every morning in 
order to monitor the decrease of water available in the non-watered pots through the experiment 
(from day zero) and to indicate when to start sampling (Figure 1.3). At the end of two randomly 
chosen experiments, the pots were left to dry to constant weight. The mean value obtained for 
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the weight of pots with totally dried soil was 404 ± 16 g. Thereafter, the water weight in pot 
(WWP) was calculated as the weight of the pot at each moment less 400 g. 
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Figure 1.3. Monitoring the water availability in the soil of control (white bars) and non-watered pots 
(black bars) of the three species through the drought stress period. Water was withhold from the ‘stress’ 
pots of P. dilatatum one day after Z. japonica and two days after C. dactylon in an attempt to obtain 
samples with a similar level of leaf dehydration. In this experiment (II.C), four control and six non-
watered pots of each species were monitored. The mean values of water weight in pot (WWP, g) with the 
respective standard errors are presented. 
 
 
 The three species were analysed simultaneously and because the leaves from P. dilatatum 
tended to dehydrate faster than those from Z. japonica and C. dactylon we decided to stop 
watering the ‘stress’ pots of each species on different days. After the first set of experiments, 
water was withhold from the ‘stress’ pots of C. dactylon, Z. japonica and P. dilatatum 
consecutively, on separate days, in order to get more similar degrees of leaf dehydration for the 
three species. 
 Several different experiments were made in order to obtain control and drought-stressed 
plants, either for in vivo assays (non-destructive) or for the collection of samples to be used later 
on (for in vitro assays). Five-week-old plants of P. dilatatum and C. dactylon and nine-week-old 
plants of the slow-growing Z. japonica were analysed. Depending on the purpose of the 
experiment, a different design format was used, but always following the same kind of pot 
organisation (experimental designs in Appendix 2). Unless otherwise stated, leaf samples were 
collected in the growth environment between four and five hours after the beginning of the 
photoperiod and in vivo assays were undertaken during the first half of the photoperiod. Always, 
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the youngest fully expanded leaf of each plant of P. dilatatum and two young fully expanded 
leaves of each plant of C. dactylon and Z. japonica were used. 
 It was assumed that, within each pot, all the young fully expanded leaves were identical 
in terms of developmental stage, physiological and biochemical properties, and would have 
experienced the same drought conditions. Therefore, leaf sub-samples from each pot were either 
used for taking measurements or collected, quickly frozen in LN2 and stored at -80ºC for 
biochemical assays and another sub-sample was used to determine the leaf relative water content 
(RWC). Leaves were detached in the greenhouse, cut in small pieces and sealed in previously 
weighed plastic bags. These were kept in the cold and darkness (polystyrene box with ice) and 
weighed with a four decimal place balance to determine the fresh weight (FW). The leaves of 
each sample were transferred to Petri dishes with deionised water and hydrated for 26 to 30 h to 
provide the turgid weight (TW). Finally, the dry weight (DW) of each sample was determined 
after drying at 80ºC for more than 48 h. RWC was calculated according to Catsky (1960) by the 
formula: 
 RWC = 100 × ((FW - DW) / (TW - DW)). 
 
Amount of water in the soil 
The amount of water available in the soil of the control and non-watered pots of the three species 
was measured both as the water weight in pot and the soil water content. The water weight in pot 
(WWP) was calculated as the weight of the pot at each moment less 400 g, the approximate 
weight of pots with plants and air-dried soil: 
WWP (g) = Pot weight at sampling – 400. 
The volumetric soil moisture content (SWC or θv) is the ratio between the volume of 
water present and the total volume of the sample. This is a dimensionless parameter, expressed 
either as a percentage (% vol), or a ratio (m3 m-3): 
SWC (m3 m-3 or % vol) = volume of water / total volume 
The SWC was measured using the potentiometer HH2 Moisture Meter (with Theta Probe 
type ML2x, AT Delta-T Devices Ltd., Cambridge, England). The ThetaProbe ML2 responds to 
changes in the apparent dielectric constant of moist soil, which are then converted to soil 
moisture content in the HH2 using a linearization table and soil type parameters. 
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Leaf dehydration in response to decreased water availability in the soil 
The relative water content (RWC) in the leaves of P. dilatatum, C. dactylon and Z. japonica 
decreased when the amount of water in the soil, measured as the water weight in soil (WWP), in 
the non-watered pots decreased below a certain threshold (Figure 1.4). Even though some 
differences occurred in the responses of the three species in different experiments, the overall 
picture obtained for the data collected during the year of 2006 gives an idea of the way plants 
responded to drought-stress. Twelve experiments, using similar drought induction methods, were 
undertaken during the months from March to August. A total of 1158 plants were analysed. The 
results show that the RWC of P. dilatatum plants tended to decrease at higher WWP values than 
C. dactylon and Z. japonica. 
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Figure 1.4. Leaf relative water content (RWC, %) as a function of the water weight in pot (WWP, g) of 
the control and non-watered plants of P. dilatatum, (black diamonds), C. dactylon (grey squares) and Z. 
japonica (white triangles). Each data point corresponds to one sample. 
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Figure 1.5. Leaf relative water content (RWC, %) as a function of the amount of water in the soil of the 
control and non-watered plants of P. dilatatum, (black diamonds), C. dactylon (grey squares) and Z. 
japonica (white triangles), measured as either the water weight in pot (WWP, g) or the soil water content 
(SWC, %). Each data point corresponds to one sample. 
 
 
 Even when the amount of water in the soil was much decreased the plants of the three 
grasses still presented a considerably high RWC. Thus it was difficult to obtain drought-stressed 
samples. The relation between the two parameters, analysed for a number of independent 
experiments, was described by an asymptotic exponential model (see chapter II for details). The 
RWC is maintained high for a considerable range of WWP and starts to decrease below a certain 
threshold. For values of WWP below 150 g there is a steep decrease of the RWC but the 
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variability in the data is also accentuated. This could be due to some inaccuracy in the 
determination of the amount of water in the pot by measuring the pot weight and accounting for 
the mean weight when the soil is dry (400 g). However, the amount of water in the soil was also 
assessed through the soil water content (SWC), measured with the hygrometer, for several 
experiments. In figure 1.5 the variation of the RWC is shown as a function of the amount of 
water in the soil measured both as the WWP and as the SWC, for seven of the previous 
experiments. Although the scatter seems to be smaller when considering the SWC, the variation 
of RWC follows basically the same pattern. One could argue that with the SWC as a measure of 
the amount of water in the soil, the response of the three species was more similar. This could be 
related to the bigger size of P. dilatatum plants resulting in higher pot weight than for C. 
dactylon and Z. japonica. 
 There was a highly significant (P < 0.001) correlation between the two variables used to 
assess the variation of the amount of water in the control and non-watered pots of P. dilatatum, C. 
dactylon and Z. japonica (Figure 1.6). The overall correlation coefficient between the soil water 
content and the water weight in the pots, considering all the plants of the three species used for 
seven separate experiments, with a total of 696 pots, was 0.992. 
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Figure 1.6. Correlation between the amount of water in the soil of the control and non-watered plants of 
P. dilatatum, (black diamonds), C. dactylon (grey squares) and Z. japonica (white triangles), measured as 
the soil water content (SWC, %) and the water weight in pot (WWP, g). Each data point corresponds to 
one sample. 
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APPENDIX 2 – Experimental Designs 
 
Several experiments were carried out in the glasshouse from March to August of 2006 in order to 
study the effects of gradually-imposed drought stress on physiological and biochemical 
parameters in the three C4 grasses. A similar split-plot type of experimental design was always 
used, with some changes incorporated in order to accommodate the purposes of each individual 
experiment (Table 2.1). Control and drought-stressed samples of the three species were either 
analysed in vivo or harvested for subsequent analysis. For all samples, drought related 
parameters, including the soil and leaf water contents, were measured. 
 
 
Table 2.1. List of experiments carried out from March to August of 2006 in the glasshouse and brief 
description of their purposes. 
 
Experiment Description 
I.A Soil and leaf water relations (drought stress imposition); Leaf samples for carbon and oxygen isotope compositions. 
I.B Photosynthetic CO2-response curves. 
I.C Photosynthetic O2-response curves. 
II.A Leaf samples for biochemical assays (not used, low stress). 
II.B Leaf samples for biochemical assays (C4 enzyme activities). 
II.C Soil and leaf water relations and leaf parameters; Leaf samples for biochemical assays (not used, damaged). 
III.A Leaf samples for biochemical assays (not used, low stress). 
III.B Leaf samples for amino acid analysis (light vs. 30 s dark). 
III.C Leaf samples for Rubisco tight-binding inhibitors (light vs. 12 h dark). 
III.D Leaf samples for Rubisco activities and amounts. 
III.E Leaf samples for biochemical assays (not used, low stress). 
III.F Leaf samples for Rubisco kinetics; Samples for growth parameters and leaf anatomy studies. 
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Design for drought stress experiments I.A, I.B and I.C (March/April 2006).  
Samples for determination of soil and leaf water relations and leaf isotope compositions (I.A), 
photosynthetic CO2-response curves (I.B) and O2-response curves (I.C). 
 
I.A 
Block I Block II 
Pd 
5C 
Cd 
4S 
Zj 
3C 
Cd 
3S 
Zj 
5S 
Pd 
5S 
Cd 
2S 
Pd 
1S 
Zj 
3S 
Cd 
2S 
Pd 
3S 
Zj 
5C 
Pd 
4S 
Cd 
2S 
Zj 
4S 
Pd 
4S 
Zj 
3C 
Cd 
3S 
Pd 
1S 
Cd 
3C 
Zj 
1S 
Cd 
4S 
Zj 
4C 
Pd 
2S 
Cd 
5C 
Pd 
4S 
Zj 
5C 
Cd 
5S 
Pd 
2S 
Zj 
4S 
Pd 
2C 
Cd 
5C 
Zj 
2S 
Pd 
3C 
Zj 
4C 
Cd 
2C 
Pd 
4C 
Cd 
5S 
Zj 
2S 
Cd 
2C 
Zj 
2S 
Pd 
4S 
Cd 
4C 
Pd 
2C 
Zj 
2C 
Cd 
3C 
Pd 
4C 
Zj 
3S 
Pd 
5S 
Cd 
3S 
Zj 
1C 
Pd 
5C 
Zj 
2S 
Cd 
1S 
Pd 
3S 
Cd 
1C 
Zj 
4S 
Cd 
1S 
Zj 
1C 
Pd 
1C 
Cd 
3S 
Pd 
3C 
Zj 
1S 
Cd 
4S 
Pd 
5S 
Zj 
2C 
Pd 
1S 
Cd 
4S 
Zj 
5S 
Pd 
1S 
Zj 
1S 
Cd 
5S 
Pd 
2S 
Cd 
2S 
Zj 
5S 
Cd 
5S 
Zj 
3S 
Pd 
3S 
Cd 
1S 
Pd 
5S 
Zj 
4S 
Cd 
1S 
Pd 
1C 
Zj 
1S 
Pd 
3S 
Cd 
1C 
Zj 
3S 
Pd 
2S 
Zj 
5S 
Cd 
4C 
I.B 
Block I Block II 
Zj 
1S 
Pd 
5S 
Cd 
2C 
Pd 
1S 
Zj 
5S 
Cd 
2S 
Pd 
3S 
Cd 
1C 
Zj 
3S 
Pd 
4S 
Zj 
2C 
Cd 
2S 
Zj 
3S 
Pd 
4C 
Cd 
1S 
Zj 
2S 
Cd 
4C 
Pd 
3S 
Zj 
2C 
Pd 
1C 
Cd 
4S 
Pd 
2S 
Zj 
1S 
Cd 
3C 
Pd 
4S 
Cd 
5C 
Zj 
2S 
Pd 
3C 
Zj 
1S 
Cd 
1C 
Zj 
4S 
Pd 
1S 
Cd 
4S 
Zj 
3C 
Cd 
3S 
Pd 
4S 
Zj 
3C 
Pd 
4S 
Cd 
5S 
Pd 
4C 
Zj 
3S 
Cd 
5S 
Pd 
2C 
Cd 
3S 
Zj 
4S 
Pd 
1S 
Zj 
4C 
Cd 
4S 
Zj 
1S 
Pd 
5C 
Cd 
3C 
Zj 
1C 
Cd 
2C 
Pd 
5S 
Zj 
4S 
Pd 
2S 
Cd 
3S 
Pd 
3S 
Zj 
4C 
Cd 
4C 
Pd 
5C 
Cd 
4S 
Zj 
1C 
Pd 
2C 
Zj 
5S 
Cd 
3S 
Zj 
2S 
Pd 
3S 
Cd 
2S 
Zj 
4S 
Cd 
5S 
Pd 
2S 
Zj 
5S 
Pd 
3C 
Cd 
1S 
Pd 
5S 
Zj 
2S 
Cd 
1S 
Pd 
1S 
Cd 
2S 
Zj 
5C 
Pd 
5S 
Zj 
3S 
Cd 
5S 
Zj 
5C 
Pd 
2S 
Cd 
5C 
Zj 
5S 
Cd 
1S 
Pd 
1C 
I.C 
Block I Block II 
Cd 
3S 
Pd 
5S 
Zj 
5C 
Pd 
1S 
Cd 
5S 
Zj 
1S 
Pd 
5S 
Zj 
5S 
Cd 
4S 
Pd 
1C 
Zj 
3S 
Cd 
2S 
Zj 
4S 
Pd 
5S 
Cd 
4C 
Pd 
2S 
Cd 
1C 
Zj 
4S 
Cd 
4C 
Pd 
3S 
Zj 
3C 
Pd 
4C 
Cd 
4S 
Zj 
4S 
Pd 
4S 
Zj 
2S 
Cd 
3C 
Pd 
5S 
Zj 
1S 
Cd 
5C 
Zj 
3S 
Pd 
4S 
Cd 
2S 
Pd 
5C 
Cd 
5S 
Zj 
5S 
Cd 
1S 
Pd 
1C 
Zj 
4S 
Pd 
2S 
Cd 
1C 
Zj 
2C 
Pd 
2S 
Zj 
3S 
Cd 
2S 
Pd 
2S 
Zj 
4C 
Cd 
3S 
Zj 
2S 
Pd 
1S 
Cd 
5S 
Pd 
3C 
Cd 
4S 
Zj 
3C 
Cd 
2S 
Pd 
2C 
Zj 
1S 
Pd 
3S 
Cd 
3S 
Zj 
5S 
Pd 
3C 
Zj 
4C 
Cd 
5C 
Pd 
4C 
Zj 
5S 
Cd 
1S 
Zj 
5C 
Pd 
3S 
Cd 
3C 
Pd 
1S 
Cd 
3S 
Zj 
2S 
Cd 
5S 
Pd 
4S 
Zj 
2S 
Pd 
5C 
Cd 
2C 
Zj 
3S 
Pd 
1S 
Zj 
1C 
Cd 
1S 
Pd 
3S 
Zj 
2C 
Cd 
4S 
Zj 
1S 
Pd 
2C 
Cd 
1S 
Pd 
4S 
Cd 
2C 
Zj 
1C 
 
Description of Design: Split-plot in two blocks, where each column of pots was a main plot of a 
particular species and the sampling-days and the treatments (control vs. drought stress) were 
randomised in the split-plots. The three experiments were to give similar sets of samples for 
independent assays. The colour coding was: green for control and red for drought-stressed. 
Treatments: A 2 by 3 by 5 factorial design was used, with two treatments (control (C) and 
drought stress (S)), three species (P. dilatatum (Pd), C. dactylon (Cd) and Z. japonica (Zj)) and 
five staggered time points (1, 2, 3, 4, 5). Drought stress was imposed on the same day for all 
three species by ceasing to provide water to the ‘stress’ pots. All three species were analysed 
simultaneously for five consecutive days during the drought period. 
Format: One control and two drought-stressed plants per species per time were included in each 
block. All five time points were seen per species per column for either control or drought stress. 
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Design for drought stress experiment II.B (April/May 2006).  
Leaf samples for biochemical assays (frozen in LN2 and stored at -80ºC): different types of 
assays to look at the pH effect on PEPC activity. These assays were not done but samples were 
taken from this experiment (selection of samples to use according to their RWC) for 
measurement of C4 enzyme activities, including PEPC. 
 
II.B 
Block I Block II Block III 
Zj 
4S 
Pd 
1C 
Cd 
3S 
Pd 
3C 
Zj 
2S 
Cd 
4C 
Cd 
3S 
Pd 
2C 
Zj 
4C 
Cd 
1C 
Zj 
4S 
Pd 
1S 
Pd 
3S 
Zj 
1C 
Cd 
4C 
Pd 
4S 
Cd 
1S 
Zj 
2C 
Zj 
3C 
Pd 
2C 
Cd 
4S 
Pd 
2S 
Zj 
1C 
Cd 
1S 
Cd 
4C 
Pd 
1C 
Zj 
2S 
Cd 
2S 
Zj 
1S 
Pd 
3C 
Pd 
2S 
Zj 
4S 
Cd 
1C 
Pd 
3C 
Cd 
3C 
Zj 
1S 
Zj 
1S 
Pd 
3S 
Cd 
2C 
Pd 
4C 
Zj 
4C 
Cd 
2S 
Cd 
2C 
Pd 
3S 
Zj 
1C 
Cd 
4S 
Zj 
3C 
Pd 
2S 
Pd 
1C 
Zj 
2S 
Cd 
3S 
Pd 
2C 
Cd 
4S 
Zj 
4C 
Zj 
2C 
Pd 
4S 
Cd 
1C 
Pd 
1S 
Zj 
3S 
Cd 
3C 
Cd 
1S 
Pd 
4S 
Zj 
3S 
Cd 
3C 
Zj 
2C 
Pd 
4C 
Pd 
4C 
Zj 
3C 
Cd 
2S 
Pd 
1S 
Cd 
2C 
Zj 
3S 
 
Description of Design: Split-plot in three blocks, where each column of pots was a main plot of a 
particular species and the assay-type and the treatments (control vs. drought stress) were 
randomised in the split-plots. The colour coding was: green for control and red for drought-
stressed. 
Treatments: A 2 by 3 by 4 factorial design was used, with two treatments (control (C) and 
drought stress (S)), three species (P. dilatatum (Pd), C. dactylon (Cd) and Z. japonica (Zj)) and 
four types of assay (1, 2, 3, 4). Drought stress was imposed on the same day for all three species 
by ceasing to provide water to the ‘stress’ pots. All control and drought-stressed samples were 
harvested on a single occasion, but at separate times for each species: P. dilatatum first, C. 
dactylon next and Z. japonica last. This was an attempt to have similar leaf dehydration levels 
for the three species. 
Format: Two control and two drought-stressed plants were used per species per column, with all 
four types of assays seen per column, for either control or drought stress. 
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Design for drought stress experiment II.C (April/May 2006).  
Samples for determination of soil and leaf water relations and leaf biomass parameters. Leaf 
samples frozen in LN2 and stored at -80ºC for biochemical analysis (C4 enzyme activities) but 
not used due to thawing event during transport! 
 
II.C 
Assay 1 
Cd 
S1 
Zj 
S1 
Pd 
C3 
Zj 
S2 
Pd 
C1 
Cd 
S3 
Pd 
C2 
Zj 
S3 
Cd 
C2 
Zj 
C1 
Cd 
S1 
Pd 
S1 
Cd 
C4 
Pd 
S2 
Zj 
S4 
Cd 
S4 
Zj 
S2 
Pd 
S2 
Zj 
C4 
Pd 
S3 
Cd 
C4 
Pd 
S4 
Zj 
S4 
Cd 
S3 
Zj 
S3 
Cd 
C3 
Pd 
C4 
Cd 
S2 
Pd 
C1 
Zj 
C1 
Cd 
C3 
Zj 
C4 
Pd 
S4 
Zj 
S1 
Pd 
S2 
Cd 
S2 
Pd 
S1 
Zj 
C2 
Cd 
C1 
Zj 
S4 
Cd 
S4 
Pd 
C2 
Cd 
S3 
Pd 
S3 
Zj 
C3 
Cd 
C2 
Zj 
S3 
Pd 
S1 
Zj 
C3 
Pd 
C4 
Cd 
S1 
Pd 
C3 
Zj 
S1 
Cd 
S4 
Zj 
C2 
Cd 
S2 
Pd 
S3 
Cd 
C1 
Pd 
S4 
Zj 
S2 
 
Assay 2 
Pd 
S3 
Zj 
C1 
Cd 
S4 
Zj 
S2 
Cd 
C3 
Pd 
S1 
Cd 
S2 
Zj 
C2 
Pd 
S4 
Cd 
S1 
Pd 
S2 
Zj 
C4 
Pd 
C4 
Cd 
S3 
Zj 
C3 
Pd 
S1 
Zj 
S2 
Cd 
C3 
Zj 
S3 
Cd 
C4 
Pd 
S4 
Cd 
C1 
Zj 
S1 
Pd 
C1 
Cd 
C2 
Pd 
S3 
Zj 
C2 
Pd 
S2 
Cd 
S1 
Zj 
S4 
Pd 
C2 
Zj 
S3 
Cd 
C1 
Zj 
S4 
Cd 
S2 
Pd 
C3 
Cd 
S4 
Zj 
C3 
Pd 
S2 
Cd 
S3 
Pd 
C4 
Zj 
S1 
Pd 
S3 
Cd 
C2 
Zj 
S2 
Pd 
S4 
Zj 
C4 
Cd 
S2 
Zj 
C1 
Cd 
S1 
Pd 
C2 
Cd 
S3 
Zj 
S4 
Pd 
C3 
Cd 
C4 
Pd 
S1 
Zj 
S3 
Pd 
C1 
Cd 
S4 
Zj 
S1 
 
Description of Design: Split-plot, where each column of pots was a main plot of a particular 
species and the sampling-days and the treatments (control vs. drought stress) were randomised in 
the split-plots. The two blocks were to give similar sets of samples for independent assays. The 
colour coding was: green for control and red for drought-stressed. 
Treatments: A 2 by 3 by 4 factorial design was used, with two treatments (control (C) and 
drought stress (S)), three species (P. dilatatum (Pd), C. dactylon (Cd) and Z. japonica (Zj)) and 
four staggered time points (1, 2, 3, 4). Drought stress imposition was separated by one day, with 
watering of the ‘stress’ pots being stopped first in C. dactylon, then in Z. japonica and at last in P. 
dilatatum. All three species were analysed simultaneously for four consecutive days during the 
drought period. 
Format: Two control and four drought-stressed plants per species per time were included in each 
block. All four time points were seen per species per column for either control or drought stress. 
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Design for drought stress experiment III.B (June/July 2006).  
Leaf samples for determination of amino acids content in the light and after a period of 30 
seconds in darkness (frozen in LN2 and stored at -80ºC). 
 
III.B 
Block I Block II Block III 
Cd 
3S 
Zj 
2C 
Pd 
1S 
Cd 
1S 
Pd 
3S 
Zj 
3C 
Pd 
3S 
Cd 
1S 
Zj 
1S 
Cd 
3C 
Pd 
2C 
Zj 
1C 
Pd 
1C 
Zj 
2S 
Cd 
2C 
Pd 
2S 
Zj 
3S 
Cd 
2S 
Cd 
2C 
Zj 
3S 
Pd 
2S 
Cd 
3C 
Pd 
1S 
Zj 
1C 
Pd 
2S 
Cd 
3S 
Zj 
2C 
Cd 
1S 
Pd 
3C 
Zj 
2S 
Pd 
3S 
Zj 
3C 
Cd 
2S 
Pd 
1S 
Zj 
1S 
Cd 
1C 
Cd 
1C 
Zj 
1S 
Pd 
3S 
Cd 
2S 
Pd 
2C 
Zj 
2S 
Pd 
1C 
Cd 
2S 
Zj 
3S 
Cd 
3S 
Pd 
1S 
Zj 
3C 
Pd 
2S 
Zj 
1S 
Cd 
1S 
Pd 
3C 
Zj 
2C 
Cd 
3S 
Cd 
2S 
Zj 
2S 
Pd 
3C 
Cd 
3S 
Pd 
1C 
Zj 
1S 
Pd 
1S 
Cd 
1C 
Zj 
2S 
Cd 
2C 
Pd 
2S 
Zj 
3S 
Pd 
2C 
Zj 
3S 
Cd 
3C 
Pd 
3S 
Zj 
1C 
Cd 
1S 
 
Description of Design: Split-plot in three blocks, where each column of pots was a main plot of a 
particular species and the sampling-days and the treatments (control vs. drought stress) were 
randomised in the split-plots. Two similar samples were taken from each pot to give the 
light/dark comparison and another one to measure the RWC. The colour coding was: green for 
control and red for drought-stressed. 
Treatments: A 2 by 3 by 3 factorial design was used, with two treatments (control (C) and 
drought stress (S)), three species (P. dilatatum (Pd), C. dactylon (Cd) and Z. japonica (Zj)) and 
three staggered time points (1, 2, 3). Drought stress imposition was separated by one day, with 
watering of the ‘stress’ pots being stopped first in C. dactylon, then in Z. japonica and at last in P. 
dilatatum. All three species were analysed simultaneously for three consecutive days during the 
drought period. 
Format: Three control and five drought-stressed plants per species were included within each 
block. The replicates of control and drought-stressed plants of each species to be used at each 
time point were spread across the three blocks. The design was balanced for observations of C 
within blocks and balanced as far as possible for the observations of S pots for each species, with 
two stressed pots of two time points and one of the other time point seen in each block. The 
design was also balanced as far as possible for time points on rows and columns and for the 
treatments C and S on rows: no C treatment was seen more than once on a row and no S 
treatment more than twice. 
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Design for drought stress experiment III.C (June/July 2006).  
Leaf samples for determination of Rubisco tight-binding inhibitors in the light and after a period 
of 12 hours in darkness (frozen in LN2 and stored at -80ºC). 
 
III.C 
Block I 
Pd 
3C 
Cd 
2S 
Zj 
1C 
Cd 
1C 
Zj 
2S 
Pd 
4S 
Zj 
3S 
Cd 
2C 
Pd 
1C 
Zj 
4S 
Pd 
1S 
Cd 
3S 
Pd 
3S 
Cd 
4S 
Zj 
2C 
Pd 
2S 
Cd 
3S 
Zj 
2S 
Cd 
4S 
Zj 
1S 
Pd 
1S 
Zj 
4C 
Cd 
1S 
Pd 
2C 
Zj 
3C 
Pd 
2S 
Cd 
4C 
Pd 
1C 
Cd 
3C 
Zj 
4S 
Pd 
4C 
Cd 
4C 
Zj 
4S 
Cd 
3S 
Zj 
4C 
Pd 
2C 
Zj 
2S 
Cd 
3C 
Pd 
4S 
Zj 
1S 
Pd 
3S 
Cd 
1S 
Pd 
2S 
Cd 
2S 
Zj 
3C 
Pd 
1S 
Cd 
1C 
Zj 
3S 
Cd 
2C 
Zj 
3S 
Pd 
3C 
Zj 
1C 
Cd 
4S 
Pd 
3S 
Zj 
2C 
Pd 
4C 
Cd 
2S 
Pd 
4S 
Cd 
1S 
Zj 
1S 
 
Block II 
Cd 
3S 
Zj 
2C 
Pd 
4S 
Zj 
1S 
Pd 
1S 
Cd 
4S 
Pd 
2C 
Zj 
4C 
Cd 
2C 
Pd 
4S 
Cd 
1S 
Zj 
1S 
Cd 
3C 
Zj 
2S 
Pd 
3C 
Cd 
2C 
Zj 
4S 
Pd 
3C 
Zj 
2C 
Pd 
3S 
Cd 
1C 
Pd 
4S 
Zj 
3S 
Cd 
1S 
Pd 
1C 
Cd 
2S 
Zj 
3C 
Cd 
2S 
Zj 
4S 
Pd 
1S 
Cd 
1S 
Zj 
1S 
Pd 
2C 
Zj 
3S 
Pd 
4C 
Cd 
2S 
Pd 
3S 
Zj 
1C 
Cd 
4C 
Pd 
3S 
Cd 
4S 
Zj 
4S 
Cd 
1C 
Zj 
3C 
Pd 
2S 
Cd 
4C 
Zj 
3S 
Pd 
1S 
Zj 
4C 
Pd 
2S 
Cd 
3S 
Pd 
1C 
Zj 
2S 
Cd 
3S 
Pd 
2S 
Cd 
3C 
Zj 
2S 
Cd 
4S 
Zj 
1C 
Pd 
4C 
 
Description of Design: Split-plot in two blocks, where each column of pots was a main plot of a 
particular species and the sampling-days, the treatments (control vs. drought stress) and the 
light/dark regime were randomised in the split-plots. The colour coding was: green for control 
and red for drought-stressed; yellow for light and blue for dark. 
Treatments: A 2 by 2 by 3 by 4 factorial design was used, with two treatments (control (C) and 
drought stress (S)), two irradiance conditions (light and 12 hours of darkness), three species (P. 
dilatatum (Pd), C. dactylon (Cd) and Z. japonica (Zj)) and four staggered time points (1, 2, 3, 4). 
Drought stress imposition was separated by one day, with watering of the ‘stress’ pots being 
stopped first in C. dactylon, then in Z. japonica and at last in P. dilatatum. All three species were 
analysed simultaneously for four consecutive days during the drought period. Light samples 
were collected four hours after the beginning of the photoperiod and dark samples were collected 
in the early morning after exposing the plants to 12 hours of darkness (pots were placed on a 
dark environment overnight). 
Format: Two control and four drought-stressed plants per species per time were included in each 
block. All four time points were seen per species per column for either control or drought stress. 
Six controls, two of each species were seen per row. The light/dark regime was given by 
restricted randomisation. 
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Design for drought stress experiment III.D (June/July 2006).  
Leaf samples for determination of Rubisco (Assay 1) and PEPC (Assay 2) activities and amounts 
(frozen in LN2 and stored at -80ºC). Samples for PEPC (Assay 2) not used due to thawing event 
during transport! 
 
III.D 
Assay 1 
Cd 
2S 
Pd 
1C 
Zj 
1C 
Pd 
4S 
Zj 
4S 
Cd 
3S 
Zj 
4C 
Pd 
3S 
Cd 
4C 
Zj 
3S 
Cd 
3C 
Pd 
4C 
Cd 
4S 
Zj 
2S 
Pd 
2S 
Cd 
4C 
Pd 
2S 
Zj 
4S 
Pd 
2C 
Zj 
3S 
Cd 
2C 
Zj 
2S 
Pd 
1C 
Cd 
3S 
Zj 
1C 
Cd 
1S 
Pd 
1S 
Cd 
1S 
Zj 
1S 
Pd 
3C 
Cd 
1C 
Pd 
4S 
Zj 
2S 
Pd 
3C 
Zj 
1S 
Cd 
4S 
Zj 
3C 
Pd 
4C 
Cd 
1S 
Zj 
2C 
Cd 
2S 
Pd 
3S 
Cd 
2C 
Zj 
3S 
Pd 
1S 
Cd 
3S 
Pd 
3S 
Zj 
3C 
Pd 
1S 
Zj 
2C 
Cd 
1C 
Zj 
1S 
Pd 
2S 
Cd 
2S 
Zj 
4S 
Cd 
4S 
Pd 
2C 
Cd 
3C 
Zj 
4C 
Pd 
4S 
 
Assay 2 
Cd 
4C 
Pd 
1S 
Zj 
3S 
Pd 
4S 
Zj 
4C 
Cd 
2S 
Pd 
1C 
Cd 
4S 
Zj 
1S 
Cd 
3S 
Zj 
4S 
Pd 
3C 
Zj 
1C 
Cd 
1S 
Pd 
2C 
Cd 
1S 
Pd 
2S 
Zj 
4C 
Pd 
3S 
Zj 
1C 
Cd 
4S 
Pd 
4C 
Cd 
3S 
Zj 
3C 
Cd 
2S 
Zj 
2C 
Pd 
4S 
Zj 
2S 
Cd 
3C 
Pd 
1S 
Cd 
2C 
Pd 
3S 
Zj 
2C 
Pd 
1S 
Zj 
2S 
Cd 
3C 
Pd 
2S 
Cd 
1S 
Zj 
4S 
Cd 
1C 
Zj 
1S 
Pd 
1C 
Zj 
3S 
Cd 
4C 
Pd 
4S 
Cd 
3S 
Pd 
4C 
Zj 
1S 
Pd 
2C 
Zj 
3S 
Cd 
1C 
Pd 
3S 
Cd 
2C 
Zj 
2S 
Cd 
4S 
Zj 
3C 
Pd 
2S 
Zj 
4S 
Cd 
2S 
Pd 
3C 
 
Description of Design: Split-plot, where each column of pots was a main plot of a particular 
species and the sampling-days and the treatments (control vs. drought stress) were randomised in 
the split-plots. The two blocks were to give similar sets of samples for independent assays. The 
colour coding was: green for control and red for drought-stressed. 
Treatments: A 2 by 3 by 4 factorial design was used, with two treatments (control (C) and 
drought stress (S)), three species (P. dilatatum (Pd), C. dactylon (Cd) and Z. japonica (Zj)) and 
four staggered time points (1, 2, 3, 4). Drought stress imposition was separated by one day, with 
watering of the ‘stress’ pots being stopped first in C. dactylon, then in Z. japonica and at last in P. 
dilatatum. All three species were analysed simultaneously for four consecutive days during the 
drought period. 
Format: Two control and four drought-stressed plants per species per time were included in each 
block. All four time points were seen per species per column for either control or drought stress. 
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Design for drought stress experiment III.F (July/August 2006).  
Leaf samples for determination of Rubisco (A), and PEPC (B) kinetics (frozen in LN2 and stored 
at -80ºC). Samples for growth parameter analysis and leaf anatomy studies (C). Samples for 
PEPC (B) not used due to thawing event during transport! 
 
III.F
 
A (Rubisco) 
Pd 
C 
Cd 
S 
Zj 
S 
Cd 
C 
Pd 
S 
Zj 
C 
Pd 
S 
Cd 
C 
Zj 
S 
Cd 
S 
Pd 
C 
Zj 
C 
Pd 
S 
Cd 
S 
Zj 
C 
Cd 
C 
Pd 
C 
Zj 
S 
 
 
B (PEPC) 
Cd 
S 
Zj 
S 
Pd 
S 
Zj 
C 
Cd 
C 
Pd 
C 
Cd 
C 
Zj 
S 
Pd 
C 
Zj 
C 
Cd 
S 
Pd 
S 
Cd 
S 
Zj 
C 
Pd 
S 
Zj 
S 
Cd 
C 
Pd 
C 
 
 
C (Microscopy) 
Cd 
S 
Pd 
C 
Zj 
C 
Cd 
C 
Pd 
S 
Zj 
S 
Cd 
S 
Pd 
C 
Zj 
S 
Cd 
C 
Pd 
S 
Zj 
C 
Cd 
C 
Pd 
S 
Zj 
C 
Cd 
S 
Pd 
C 
Zj 
S 
 
 
Description of Design: Split-plot, where each column of pots was a main plot of a particular 
species and the treatments (control vs. drought stress) were randomised in the split-plots. The 
three blocks were to give similar sets of samples for independent assays. The colour coding was: 
green for control and red for drought-stressed. 
Treatments: A 2 by 3 factorial design was used, with two treatments (control (C) and drought 
stress (S)) and three species (P. dilatatum (Pd), C. dactylon (Cd) and Z. japonica (Zj)). Drought 
stress imposition was separated by one day, with watering of the ‘stress’ pots being stopped first 
in C. dactylon, then in Z. japonica and at last in P. dilatatum. All three species were analysed 
simultaneously at a single time point at the end of the drought period. Experiment C was 
separated from experiments A and B by one day. 
Format: Three control and three drought-stressed plants per species were included in each block. 
All C and S treatments per species were seen in each row. 
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APPENDIX 3 – Analysis of Amino Compounds by HPLC 
 
The complete description of the procedure adopted (chapters II and III) for the analysis of amino 
compounds contained in the leaves is given. Initial attempts to identify an unknown amino 
compound present in the leaves are listed. 
Procedure adopted for the analysis in the HPLC 
Amino acids contained in the leaves were determined by High-Performance Liquid 
Chromatography of o-pthaldialdehyde (OPA) derivatives of primary amines following reaction 
in the presence of 2-mercaptoethanol (Noctor & Foyer 1998). 
 Reversed-phase HPLC was performed using a system composed of a Waters Alliance 
2695 separation module and a 474 scanning fluorescence detector operated by the Millenium32 
software (Waters, Milford, USA). Separations were performed on a Waters Symetry C18 3.5 μm 
4.6 × 150 mm column (Part No. WAT 054278) protected with a 4 × 3 mm guard cartridge 
(Phenomenex, Torrance, USA). 
 The following solutions were prepared using ultra pure water and filtered through 0.2 μm 
nylon membrane filters prior to use: Buffer A (H2O); Buffer B (90% methanol, 10% H2O); 
Buffer C (80% 50 mM sodium acetate pH 5.9, 19% methanol, 1% tetrahydrofuran); Buffer D 
(80% methanol, 20% 50 mM sodium acetate pH 5.9) and wash solution (80% H2O, 20% 
methanol). The gradient used for the amino acids separation consisted of a mixture of increasing 
buffer D and decreasing buffer C (see instrument method below), using a flow rate of 0.8 mL 
min-1. 
 Since the fluorescent adducts formed by reaction with OPA in the presence of 2-ME are 
not very stable, the amino compounds were derivatised immediately before separation by HPLC. 
The autosampler was set to mix and pre-incubate 10 μl of sample with 15 μl of OPA reagent for 
2 min before injecting this mixture onto the column. The OPA solution (40 mM OPA, 0.28 M 2-
mercaptoethanol, 0.45 M Boric Acid adjusted to pH 9.2 with NaOH) was prepared ca. 12 hours 
before each run and used within the following three days. 
 Amino acids were extracted from leaf samples that had been collected into liquid N2 and 
stored at -80ºC. Each sample was ground in liquid N2 to a fine powder and then 1.4 mL of 0.1 M 
HCl was added. The mixture was ground further during thawing. Triplicate samples of the 
homogenate were taken for phaeophytin determination. The remainder of each homogenate was 
centrifuged for 10 min at 14000 rpm (16000 ×g) and 4ºC. Samples for the HPLC were prepared 
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adding 100 μL of each supernatant to 100 μL of the internal standard (α-amino-n-butyric acid, 
final concentration 100 pmol/10μL) and 1 mL of pure water (HCl final concentration of 0.017 
M). Both these solutions and the remaining supernatants were stored at -20ºC. On the following 
day, the solutions for the HPLC were centrifuged for 40 min at 14000 rpm (16000 ×g) and 4ºC 
and then filtered with syringe filters (0.2 μm) into 2 mL HPLC autosampler vials. The amino 
compounds were identified by comparison of the retention times of the peaks found with those of 
known standards and quantified by reference to linear standard curves generated for each 
standard. 
 Standard solutions of α-amino-n-butyric acid (αABut), alanine (Ala), asparagine (Asn), 
aspartate (Asp), ethanolamine (MEA), glutamine (Gln), glutamate (Glu), glycine (Gly), 
isoleucine (Ile), leucine (Leu), methionine (Met), phenylalanine (Phe), serine (Ser) and valine 
(Val) were prepared in 0.1 M HCl. A stock solution with all the standards was prepared and then 
diluted with H2O and HCl in order to have increasing concentrations for the calibration curves: 0, 
5, 10, 15, 20 and 25 μM in 0.017 M HCl. 
 The data processing, including the identification of peaks in the chromatograms of 
samples and standards (Figure 3.1), calibration with standards, and estimation of amino acid 
content in each sample extract used the software Millenium32 (Waters, Milford, USA) (see 
instrument method below). 
 
 
Figure 3.1. A typical HPLC chromatogram obtained for the mixture of standards used for calibration. 
Each of the 14 amino compounds was present at a concentration of 15 μM. The retention times of the 
separated compounds are shown. 
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Details on the method used by the HPLC (as operated by the Millenium32 software): 
 
 
Instrument Method 
 
- General 
Stroke Vol (auto), Buble Detect (Tick), Syringe Draw (Normal), Pre Column Vol (0), Dept of Needle (2.0), 
Chart out (%A) 
 
- Degas 
Sparge (0 for all), Degas (On) 
 
- Flow 
Pressure Limits (5000 – 0) 
Programed Flow (Gradient, 2.00; 
Table on the left) 
 
- Temperature 
Column (Tick, 30, 5); Sample (Tick, 25, 5) 
 
- Solvents 
A (H2O); B (90% methanol, 10% H2O); C (80% 50 mM sodium acetate (pH 5.9), 19% methanol, 1% 
tetrahydrofuran); D (80% methanol, 20% 50 mM sodium acetate (pH 5.9)). 
 
 
 
Processing Method 
 
- Integration 
Peak width (30); Threshold (10000); 
Minimum Area (20000), Minimum Height (0). 
Time (0), Type (Tangential Skim), Value (2.0), 
Stop (46.0) 
 
- Components 
14 amino compounds, 
Retention Times as on HPLC Run. 
(Table on the left) 
 
- Default Amounts 
0, 50, 100, 150, 200, 250 pmol/10uL (for each). 
 
 
Time Flow %A %B %C %D Curve 
--- 0.8 0 0 100 0 --- 
1 0.8 0 0 100 0 6 
6 0.8 0 0 90 10 6 
11 0.8 0 0 90 10 6 
16 0.8 0 0 55 45 6 
20 0.8 0 0 55 45 6 
32 0.8 0 0 0 100 6 
40 0.8 0 0 0 100 6 
41 0.8 0 0 100 0 6 
46 0.8 0 0 100 0 6 
Amino 
Compound Retention Time RT Window 
ASP 4.1 0.2 
GLU 8.2 0.2 
ASN 10.3 0.2 
SER 13.2 0.2 
GLN 14.8 0.2 
GLY 17.8 0.2 
ALA 20.6 0.2 
MEA 23.9 0.2 
αABUT 24.8 0.2 
MET 27.0 0.2 
VAL 27.7 0.2 
PHE 28.2 0.2 
ILE 29.9 0.2 
LEU 30.4 0.2 
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Identification of unknown compounds 
During the analysis of the amino acids contained in the control and drought-stressed leaves of the 
three species (Thesis, Chapter II and III) two amino compounds came to our attention with 
retention times different from any of those we were using as standards. One of these compounds 
had a retention time of ca. 24 min and was present in all three species. The amounts of this 
compound were greater in Z. japonica and changed slightly with leaf dehydration. The other 
compound had a retention time of ca. 19 min and was absent in P. dilatatum, present in the 
leaves from drought-stressed but not from control plants of C. dactylon and present in all 
samples of Z. japonica. The amount increased with decreasing RWC in both C. dactylon and Z. 
japonica. 
A number of amino compounds were subjected to the HPLC procedure in an attempt to 
identify the unknown compounds (Table 3.1). First, amino acids that were likely to be present in 
leaves and have retention times similar to the unknowns were tested. β-alanine (β-Ala) helps 
plants to tolerate heat stress (Fouad & Rathinasabapathi 2006) and was likely to have a retention 
time close to that of alanine, whilst γ-aminobutyric acid (GABA) was likely to appear close to α-
aminobutyric acid (positions close to the unknowns). Barnett & Naylor (1966) reported the 
presence of an unknown compound in the leaves of C. dactylon and suggested that it could be 
ethanolamine (monoethanolamine, MEA). MEA had a retention time that corresponded to the 
unknown compound with a retention time of 23.9 min. This identity was confirmed by co-
chromatography and co-elution with the compound in the leaf extracts. The first unknown was 
therefore successfully identified as MEA! 
Several amino compounds that were readily available were also subjected to the HPLC 
procedure. Some of these were just used as a screening whilst others were tested because of their 
biochemistry. Homoserine (HSer) and histidine (His) were known to have retention times close 
to the second unknown (19 min). The polyamines, putrescine (Put), spermine (Spm) and 
spermidine (Spmd) can have a protective role under drought stress (e.g. Yang et al. 2007), but 
because of their structure and consequent lipophilicity were not very likely to correspond to a 
short retention time in our system. Citruline (Cit), taurine (Tau) and ornithine (Orn) had been 
reported to have retention times of interest in related HPLC procedures to that described above 
(Hunt 1991; Brückner & Westhauser 2003). Also appearing in the same region of amino acid 
chromatograms, 1-aminocyclopropane-1-carboxylic acid (ACC) (Bushey et al. 1987) appeared 
to be a promising hypothesis. Under drought conditions ABA accumulation restricts the 
production of ethylene (Sharp 2002) and its precursor ACC might accumulate. The unknown 
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compound had a retention time between those of glycine and alanine and looking at the structure 
of several amino acids and their relative positions in the chromatograms obtained it was 
hypothesized that 3-aminoisobutyric acid (βAiBut) and 2-aminoheptanodioic acid (or 2-
aminopimelic acid, APim), which occur in plants, could appear in the same position as the 
unknown compound. None of the tested amino compounds had retention times corresponding to 
the unidentified compound eluting at 19 min. Table 3.1 shows the relative retention times of the 
various compounds studied in the HPLC system described above. 
The amino compounds present in a leaf extract of Z. japonica, containing high 
concentrations of the unidentified compound were fractionated on a column of Dowex-50(H+) by 
absorption from the acid solution and elution in 0.05 M NH4OH. The presence or absence and 
the relative amounts of the various amino acids in the different fractions of the eluate indicated 
that the unidentified compound had a lower isoelectric point than glycine, serine and alanine and 
eluted more with the amides, asparagine and glutamine. It could not be separated from the other 
amino acids present in the leaves with the simple system but this provided a fraction partially 
purified, free from sugars and acids. The method was then used to provide purified amino 
compound fractions from extracts of control and drought-stressed leaves of C. dactylon because 
in this species the unidentified compound was absent from the unstressed leaves. The purified 
fractions were supplied to the Metabolomics group at Rothamsted Research and the unknown 
compound was then identified due to the difference between the samples. The identification 
involved the use of nuclear magnetic resonance (NMR) and mass spectrometry (MS) techniques 
and was confirmed after synthesis and co-chromatography of 5-hydroxy-L-norvaline (HNV) 
with leaf extracts containing the previously-unknown compound (Figure 3.2). 
The two amino compounds, ethanolamine (MEA) and 5-hydroxy-L-norvaline (HNV), 
were responsive to the drought condition (Thesis, Chapter II) and HNV was identified, for the 
first time, in the leaves of two grass species. A manuscript is being prepared with description of 
the HNV identification procedure in collaboration with the Metabolomics group. 
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Table 3.1. Retention times (RT) for various amino compounds as OPA derivatives in reversed phase 
HPLC. 
Amino compound RT (min) 
GSH + GSSG 2.8 
Aspartate 4.0 
Glutamate 8.2 
Asparagine 10.3 
Aminoadipic acid 13.0 
Serine 13.2 
Methioninesulphoximine 13.9 
Glutamine 14.8 
Homoserine 16.7 
2-aminopimelic acid 17.0 
Histidine 17.3 
Citruline 17.5 
Glycine 17.8 
X (5-hydroxy-L-norvaline) 19.0 
Ornithine 19.5 
Taurine 19.7 
β-alanine 19.8 
Alanine 20.6 
2-aminoisobutyric acid 20.9 
γ-aminobutyric acid 21.4 
3-aminoisobutyric acid 21.5 
ACC 22.6 
Ethanolamine 23.9 
α-aminobutyric acid 24.8 
Ammonia 25.0 
Tryptophan 26.3 
Methionine 27.0 
Valine 27.7 
Phenylalanine 28.2 
Isoleucine 29.9 
Leucine 30.4 
Putrescine 35.4 
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Figure 3.2. HPLC chromatograms obtained for a control (A) and a drought-stressed (B) sample of C. 
dactylon. Co-chromatography of each sample with 40 μM HNV (blue trace) resulted in co-elution with 
the unknown (X) present in the drought-stressed sample. Chromatography of 20 μM HNV individually 
(green trace) is also shown. 
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